Feature Report 


Thermodynamics of 
Gas Piping Systems 

Understanding the implications of adiabatic and isothermal flow assumptions is 
necessary to have confidence in when to use such assumptions 
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E very engineer uses as- 
sumptions because 
every analysis has an 
overabundance of vari- 

. , . . . . FIGURE V Shown here is a hypoltietical methane-trao&fer system Methane enters 

aDies to consider unen, tnere pressure {fl 3fl0 psia (20,5 bars) and 100T with a flowrate {0^ of 5,000 
are just too many to analyze scfm(8,500s€mtiKThesurrou[idi[igairiseo^F[16^C)willtlowwincJal5ft/s{1.5 
and simplifications are made system boundaries are represented by the dotted red line. The system is 

to eliminate variables or ere- 
ate more relationships between them. The 


decision of what assumptions to make rests 
on the engineer’s shoulders. Even beyond 
making a problem solvable, engineers build 
assumptions into their analyses to make the 
math easier and faster. Although a problem 
may be technically solvable, there is value 
in simplifying the problem further. After all, 
exact answers do not exist in engineering. 

When analyzing something as complex as 
gas flow through pipes, the math becomes 
daunting to say the least, Hydraulic modeling of 
liquid and gas systems are worlds apart, sim¬ 
ply because gases have variable density, v\^ile 
liquids do not. (This may not sound like a huge 
difference, but open a compressible flow text¬ 
book, and you will quickly change your mind.) 

With all the intricate considerations of com¬ 
pressible flow, heat transfer complicates the 
situation exponentially, Yet, without analyzing 
heat transfer, the system model may deviate far 
from reality. Flow behavior, among other things, 
relies heavily on temperature. This leaves engi¬ 
neers with a dilemma and often pushes them 
to simplily their operating conditions with as¬ 
sumptions to make the math easier. Two com¬ 
mon assumptions in gas-handling processes 
are (1) adiabatic flow and (2) isothermal flow. 
The derivations, implications and outcomes of 
each assumption need to be understood be¬ 
fore an engineer puts confidence in them. 

System and boundaries 

In any thermodynamic study, defining the 
system and its boundaries is fundamental. 
Heat transfer inherently implies energy is 
transmitted from one point in space to an¬ 


other, thus, crossing some boundary. Similar 
to defining a reference point in physics, de¬ 
fining the system and boundaries is up to the 
engineer, as there is technically no "correct" 
definition. {That is not to say some choices 
are not better than others.) The boundaries 
encompass the system. Everything outside 
the boundaries is considered the surround¬ 
ings. Once the system and boundaries are 
defined, analysis is to be done keeping those 
definitions constant. 

In this case, the system is defined as a pip¬ 
ing network, where the boundaries contain the 
pipes and insulation but exclude any upstream 
and downstream energy-adding components 
(such as compressors or heat exchangers), in 
this way, only heat transfer with the surround¬ 
ings Is considered, and work is excluded from 
the energy balance. A simplified example of a 
single pipe is shown in Figure 1. The boundar¬ 
ies are represented by the dotted red line, and 
the system is the enclosed pipe. 

To help solidify the discussed concepts, a 
hypothetical methane-transport system serves 
as a tangible example. The system conditions 
are described in Figure 1 , Other properties, 
such as pipe length, diameter, and insulation 
thickness, are modified throughout the discus¬ 
sion to analyze the applicability of adiabatic and 
isothermal flow. However, the inlet conditions, 
ambient temperature, fluid-mass flowrate and 
pipe diameter remain constant. 

This discussion is focused on steady-state 
flow systems. Any energy that enters the sys¬ 
tem must leave, but it may do so as a differ¬ 
ent form. The full energy balance includes five 
main components: heat, work, energy from 
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FIGURE 2 , Comparing the adiabatic assumption (dotted line) with realistic lieat 
transfer (soiid iine) of a 1,000 ft (300 m) pipe with a 3-in. (7.S cm) diameter 
1 -in. (2.5 cm) tliick insuiation 


fluid flow in, energy from fluid flow 
out, and energy accumulation. Right 
off the bat, both wot1< and energy 
accumulation are eliminated. Sub¬ 
sequent analyses require looking at 
the energy balance and determining 
what does and does not apply. Set¬ 
ting up the problem before anything 
else is essential. 

Even a seemingly simple system 
like this has complex behavior. Unlike 
incompressible flow, compressible 
flow cannot assume a linear pres¬ 
sure profile. Proper analysis requires 
the "system” to really be a series of 
infinitely short segments along the 
length of the pipes. In this way, a typ¬ 
ical property difference (represented 
by a Greek "delta”) found in the in¬ 
compressible Bernoulli equation be¬ 
comes a true differential. 

Analytical solutions prove diffi¬ 
cult to find, so modeling usually re¬ 
quires numerical methods to decide 
the size of these discrete sections. 
This article’s discussion revolves 
around the whole system to display 
heat transfer concepts, but through 
modeling software, this system was 
broken into many pieces to obtain 
smooth property profiles. It is no 
wonder engineers pursue ways to 
simplify the math. 

The two most common simplify¬ 
ing assumptions for flow in gas pip¬ 
ing systems are to assume adiabatic 
or isothermal flow. As mentioned, 
there is no getting out of heat trans¬ 
fer analysis with compressible flow, 
Gases follow an equation of state, 
which means the temperature helps 
determine the volume and pressure 
of the system. They are coupled to¬ 
gether such that heat transfer cannot 
be ignored- 


Adiabatic flow 

The term "adia¬ 
batic” means no 
heat is transferred 
between the sys¬ 
tem and its sur¬ 
roundings. In 
piping systems, 
adiabatic flow 
means no heat 
energy crosses 
that toundary be¬ 
tween the system 
and surroundings. 
This approxima¬ 
tion is applicable in systems with very 
slow heat transfer with the surround¬ 
ings. For instance, systems with thick 
insulatbn around the pipes and rela¬ 
tively short pipe lengths are good can¬ 
didates for this assumption. 

Adiabatic systems enable the en¬ 
ergy balance to completely ignore 
heat, so the balance boils down to 
energy internal to the pipes, The gas 
flowing into and out of our system 
boundary contains all the energy. The 
internal gas flow includes kinetic en¬ 
ergy and enthalpy. Potential energy 
is neglected because the system 
inlet and outlet elevations are equal. 

The combination of kinetic energy 
and enthalpy must be equal for flow 
entering and exiting the system. If 
one of the terms decreases at the 
exit, then the other must increase to 
maintain the balance. Kinetic energy 
tends to increase down the pipe, 
and enthalpy decreases. Velocity in¬ 
creases down the pipe as pressure 
decreases. Kinetic energy is a func¬ 
tion of velocity, so that is why kinetic 
energy increases. 

Enthalpy then decreases to bal¬ 
ance the sys¬ 
tem. This usu¬ 
ally results in 
a subsequent 
temperature 
decrease. This 
phenomenon 
is referred to as 
adiabatic cool¬ 
ing, Enthalpy 
and tempera¬ 
ture have a 
direct relation¬ 
ship in most 
processes. 


(Helium is a common fluid that expe¬ 
riences the opposite effect, adiabatic 
heating. Depending on the governing 
process, it sees an increase in tem¬ 
perature with a decrease in enthalpy.) 
This is all to say that while the system 
does not see heat transfer, the fluid 
still sees a change in temperature. 
The focus of the following example 
is not on adiabatic cooling; however, 
it is important to understand the sys¬ 
tem’s thermodynamic tendencies. 

Assuming adiabatic flow can be 
sufficient for some systems, and it 
makes mathematical modeling much 
easier. By ignoring the single heat term 
in the energy balance, the amount of 
required data drops significantly. For 
example, the ambient conditions and 
obscure properties (such as heat- 
transfer coefficients and thermal con¬ 
ductivities) need not be known. 

Rgure 2 shows the temperature 
profiles of the initial methane-transfer 
system, both when under the adia¬ 
batic flow assumption and in realis¬ 
tic conditions. A real system can be 
modeled adiabatically when the pipe 
is relatively short, and the heat transfer 
is slow. Real conditions were modeled 
with 1 in. (2.5 cm) of fiberglass insula¬ 
tion around a 3 in, (7.5 cm) diameter 
steel pipe; heat transfer was modeled 
with correlations from literature. 

Notice how the fluid experiences 
small, but noticeable, adiabatic cool¬ 
ing. Because the pipe is relatively 
short, and there is little pressure dif¬ 
ference across the pipe, the veloc¬ 
ity does not increase much, so the 
enthalpy change is slight. The im¬ 
portant takeaway from this figure is 
to visualize how the adiabatic case 
matches with real conditions in a 



FIGURE 3. Comparing the isothermal assumption (dotted line) with realistic 
heat transfer (solid line) of a 100,000 ft (32,000 m) pipe with a 6 in. (15 cm) 
diameter and rq insulation 
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FIGURE 4. Ccmparing the adiabatic assumption (dotted line) with realistic heat 
transfer (solid line) of a 10,000 ft (3,000 m) pipe with aO-in. (IS cm) diameter 
and 0.5-in, (1 cm) thick insulation 


short, insulated pipe. The results are 
within 1.5®F (1 “C) of each other, 

Isothermal f[ow 

The other common assumption in 
gas processes is isothermal flow. The 
prefix "iso” means “equal", so isother¬ 
mal flow means the temperature re¬ 
mains constant. Because gases tend 
to change temperature while flowing, 
heat transfer occurs between the sys¬ 
tem and its surroundings to keep the 
temperature from changing. So, this 


does not immedi¬ 
ately simplify the 
energy balance 
as far as the adia¬ 
batic model; how¬ 
ever, eliminating 
even one variable 
in compressibfe 
flow makes the 
problem much 
simpler. In this 
case, isothermal 
flow simplifies the 
equation of state 
for analysis at different points in the 
system. Heat transfer and flow analy¬ 
sis now revolve around knowing the 
temperature stays constant. 

The isothermal assumption is 
applicable in systems where heat 
transfer is relatively rapid. For exam¬ 
ple, very long systems with little insu¬ 
lation experience fast heat transfer. 
When there is a temperature gradi¬ 
ent between the system and outside 
surroundings, heat moves between 
the two such that the system fluid 


will approach the outside tempera¬ 
ture. The faster the fluid temperature 
changes to match the surroundings, 
the longer the temperature remains 
constant after the fact. 

A pattern of either exponential decay 
(outside temperature is low©') or loga¬ 
rithmic growth (outside temperature is 
higher) exists for the system fluid’s tem¬ 
perature. In either case, the beginning 
slope is always steeper than the end. 
The steeper the slope up front (faster 
heat transfer), the longer the fluid tem¬ 
perature profile is nearly flat. Therefore, 
engineers can approximate long pipes 
with rapid heat transfer as isothermal. 

Isothermal flow can be applied 
whether heat is entering or leaving the 
system; the only criterion is that heat 
transfer is fast. No matter the direc¬ 
tion of heat flow, velocity of the fluid 
increases with the dropping pressure, 
as in the adiabatic case. The major dif¬ 
ference with isothermal flow, however, 
is that because temperature is con¬ 
stant, the corresponding volumetric 
flowrates and velocities are easier to 
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FIGURE 5. Comparitig the isotPermal assumption [dotted line) with realistic heat 
transfer (solid line) of a 10,000 ft (3,000 m) pipe with a G-ln. (15 em) diameter and 
0.5-in, (1 cm) thick insufatron 


predict if pressures are known. Only 
pressure and volume are variable in 
the equation of state for the gas, as 
opposed to adiabatic flow, which sees 
variable temperature as well. 

Figure 3 presents the temperature 
profile of the methane-transfer sys¬ 
tem assuming isothermal flow at the 
ambient temperature of 60°F {16°C). 
The pipe includes no insulation and 
has been adjusted to a length of 
nearly 20 miles (32 km) and diam¬ 
eter of 6 in. (15 cm), Superimposed 
on this graph is the corresponding 
profile of the realistic system model, 
which uses correlations from literature 
to determine the real heat-transfer ef¬ 
fects of the surroundings. Notice how 
the temperatures are the same for the 
latter 90% of the pipe. 

While the temperatures are quite 
different at the beginning, the system 
quickly adjusts, so the flow behavior 
through the system is predictable. 
Also notice how real conditions cause 
the temperature to go slightly below 
ambient conditions. The flow natu¬ 
rally wants to drop temperature and 
relies on the surroundings to keep it 
constant. When the system and sur¬ 
rounding temperatures are so close, 
there is little heat transfer between 
them, and the enthalpy change 
scarcely dominates the heat rate in. 
However, for practical purposes, the 
temperature remains constant. 

Changes to the real system 

When comparing the above assump¬ 
tions to realistic conditions, those real 
scenarios were tailored for the pur¬ 
pose of getting answers near their ideal 
counterparts. The pipes were made 
intentionally short or long, with little or 
much insulation to show when the as¬ 
sumptions can be properly applied. In 
the actual field, however, such tailcning 
is not possible. And it is unlikely to have 
a system that meets all the qualifica¬ 
tions for the assumptions to be great 
approximations. Again, the engineer 
determines what is good enough. 

If the system is, instead, a length 
of 2 miles (3 km} for analysis of both 
the adiabatic and isothermal cases, 
the simplifications come under scru¬ 
tiny. The adiabatic case no longer has 
a short pipeline to help match reality. 
And the isothermal case no longer 
has such a long pipeline. The system 


is fixed to this 
new length, 
fixed to a 6 
in. (15 cm) 
diameter, and 
fixed to insu¬ 
lation of 0.5 
in. (1 cm). The 
real system, 
if already in 
existence, 
should guide 
the mod¬ 
eling and 
proposed 
s i m p I i fy - 
ing assumptions. The assumptions 
should not oome before the real sys¬ 
tem is understood. Given this system, 
is the adiabatic or isothermal assump¬ 
tion mote appropriate? At first glance, 
an engineer could argue for either. 

The pipe is longer and has less in¬ 
sulation than the previous adiabatic 
example. Heat transfer in the real 
conditions will now occur more rap¬ 
idly. However, an engineer still may 
be templed to assume adiabatic flow 
because the pipe is insulated, and 
there is not a relatively large temper¬ 
ature gradient between the system 
and surroundings. Also, depending 
on other systems in question, the 
pipeline may be short in comparison. 

However, results show a large dif¬ 
ference between the outlet tempera¬ 
tures. Figure 4 compares the tem¬ 
perature profiles of the new adiabatic 
and realistic models. (Notice, again, 
the small adiabatic cooling effect. 
The pressure is still not low enough to 
cause much difference in kinetic en¬ 
ergy and enthalpy between the inlet 
and outlet.) Depending on the down¬ 
stream process, this may or may not 
have a large impact of process reli¬ 
ability. Peitiaps the methane enters 
a heat exchanger or combustion 
chamber, or perhaps it is branched 
off to deliver to residential neighbor¬ 
hoods. The performance and flow 
distribution will be affected, but sound 
engineering judgment is required to 
decide if the difference is important. 

In the adiabatic case, the properties 
at the system outlet see the largest dif¬ 
ference. As the system extends, the 
teal heat transfer occurring has more 
influence, and the outlet conditions 
diverge further from adiabatic expec¬ 


tations. Hovi«ver, the system outlet is 
not the only ^ea of concern in com¬ 
pressible flow, It tends to be the most 
obvious area to look because that is 
what directly leads to downstream 
processes, but the entire temperature 
profile needs to be analyzed. 

For instance, the largest deviation 
isothermal flow has from real flow oc¬ 
curs at the inlet of the system, The 
system is now much shorter than 
the original example. It also contains 
some insulation, which slows the heal 
transfer, so the temperature profile is 
not as steep at the beginning. Figure 
5 shows the different temperature 
profiles of the new real system and 
the isothermal case. Compare this to 
the original example in Figure 3. The 
real system now does not reach the 
surrounding temperature, but it could 
be considered close, depending on 
the engineer’s perspective. There 
is absolute deviation of 15°F (8°C). 
which is closer than the deviation of 
25°F (14°C) from the adiabatic case. 

Incorrect analysis is unlikely if the en¬ 
gineer is skeptical about that final dif¬ 
ference. But if the engineer assumes 
the difference is no big deal, he or ^e 
needs to understand the upstream 
profile will differ even more so. While 
the system fluid still ^proaches the 
surrounding temperature, it does so 
much slower. Results at the outlet 
may falsely lead an engineer to believe 
an isothermal assumption is appropri¬ 
ate — the outlet properties can match 
somewhat well. And this may even be 
justified by the engineer claiming the 
pipe is long at 2 miles (3 km) and lightly 
insulated. However, the temperatures, 
flowrates and pressures aire quite dif¬ 
ferent along most of the pipe. This 
cannot be ignored. 
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Value of modeling software 

These are mild examples of when the 
real case deviates froih the ideal as¬ 
sumptions. The b^avior will change 
depending on many factors, such as 
fluid, system scale, and process condi¬ 
tions. And the effects are more exag¬ 
gerated when extreme conditions exist. 
Justifying assumptions as large as those 
discussed here can be the meet difficult 
part of an engineer's job. Knowing the 
amount of error that is reasonable for a 
model is no easy task. It is rarely obvious 
what assumptions are appropriate. That 
is the major problem when using qualify¬ 
ing terms like ‘'long” and ‘'rapid”. 

The fact is a model can only be truly 
validated when comparing to field data. 
When measured data come back sig¬ 
nificantly different from the simplified 
model, explanation is required, but 
often dreaded, by the engineer. So, 
why do engineers have to make such 
simplifications in the first place? It is to 
untangle the math and get ar^swers 
promptly, but we live in a day and age 
when computers do the heavy lifting. 


Software allows an engineer to work 
through all the math (typically in a time¬ 
lier manner) to obtain more accurate 
results. If the real conditions are differ¬ 
ent from what the ideal cases call for, 
then results will also differ. It depends 
on the engineering application whether 
that difference is a concern or not. For 
example, a controlled steam flow tem¬ 
perature to ensure condensation does 
not happen prematurely may be more 
important than controlling the tempera¬ 
ture of air through pneumatic tools. 
However, with the complex coupling 
of many variables in compressible flow, 
being inaccurate in one variable means 
inaccuracy of many more. It is not so 
simple as choosing one property that 
can have large error. All properties need 
to come into consideration. 

No system is perfectly insulated, 
and no pipdine is truly isothermal. 
When simplifications are made, error 
will result. The goal of the engineer 
should be to match mathematical 
models as close to reality as is reason¬ 
able and in as timely a manner as pos¬ 


sible, The best way to accomplish this 
is to use modeling software that does 
not rely on such simplifications as in¬ 
compressible solution methods or adi¬ 
abatic or isothermal flow. Those may 
be useful for first-pass hand calcula¬ 
tions but should not be relied upon for 
in-depth analysis. Compressible flow 
has many more complications than 
discussed here, such as sonic chok¬ 
ing, so considering those affects only 
makes analysis harder. Do not sacri¬ 
fice model quality for calculation ease. 
Better tools exist to help. ■ 

Edited by Gerstd Ondrey 
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